Introduction {#s1}
============

Visually evoked potentials (VEPs) are electro-encephalographic potentials that are elicited by visual stimulation and therefore may offer information about the integrity of the cortical visual pathways and their subcortical inputs. Furthermore, VEPS are a potential tool to investigate pathways with importance for visual perception.

VEPs elicited by repetitive stimuli at relatively high temporal frequencies result in so-called steady-state responses that can be characterized by a limited number of discrete frequency components after Fourier transform.[@i2164-2591-8-1-24-b01] Responses at other frequencies, caused by noise or artifacts (e.g., eye movements, myographic noise, alpha waves[@i2164-2591-8-1-24-b02],[@i2164-2591-8-1-24-b03]), can be separated from the signal and will not disturb further analysis. In contrast to applying m-sequences for multifocal steady-state stimulation, as was done previously,[@i2164-2591-8-1-24-b04] we here used a multifrequency method. It has been shown that fundamental and higher harmonic components in the frequency domain have extremely small bandwidths and can be very stable.[@i2164-2591-8-1-24-b05],[@i2164-2591-8-1-24-b06] As a consequence, if stimuli with only slight differences in temporal frequency are delivered simultaneously, the responses elicited by these stimuli can be separately analyzed in the frequency domain (i.e., after Fourier transform), provided that the time of a measurement is sufficiently long to resolve the temporal frequency differences. This method may enable efficient simultaneous recordings of steady-state responses to spatially discrete stimuli and is therefore called multifrequency stimulation. If the frequency differences are small enough to ensure that identical mechanisms and pathways underlie the measured responses, then the differences in response properties can be fully attributed to the spatial position of the different stimuli. One assumption is that there are no nonlinear interactions between the stimuli that might introduce frequencies that are not present in the stimuli. Regan and colleagues were the first, to our knowledge, to use multifrequency stimulation for VEP recordings.[@i2164-2591-8-1-24-b07] Using a semiautomatic multichannel Fourier analyzer, the VEPs were analyzed.

The advancement of light-emitting diode (LED) light sources for stimulation enabled an easy and cost-efficient use of multifrequency stimulation with high temporal resolution and thus with only minor differences in temporal frequencies. This stimulation has been shown to improve the signal-to-noise ratio (SNR) in multifocal electroretinography (ERG) recordings and/or to decrease the recording time[@i2164-2591-8-1-24-b08] in comparison to conventional m-sequence stimulation.[@i2164-2591-8-1-24-b09] The SNR is probably increased because of the continuous stimulus presentation (unlike in the m-sequence paradigm, where stimulus presentation is continuously interrupted). Thus, the fast Fourier transformation (FFT) is conducted on the whole recording, with no need for a separate time window for calculation of the noise.[@i2164-2591-8-1-24-b10]

The multifrequency stimulation may have similar advantages for VEP recordings and their analysis. The aim of the present study was to investigate the temporal frequency resolution for extrafoveal stimulation by pattern-reversal VEP recording in healthy subjects using optimized electrode positions and LED stimulation. We further studied the dependency of response amplitude and phase on temporal frequency.

Methods {#s2}
=======

Experimental Design and Stimulus {#s2a}
--------------------------------

Stimulation and recording of the VEPs were performed with a modified RETIscan system (Roland Consult, Brandenburg, Germany). Pattern-reversal stimuli were generated by LED arrays consisting of 100 white LEDs per array (TLMW3100; Vishay Semiconductors, Malvern, PA) arranged in a checkerboard-like manner.The method and results for different pattern-reversal frequencies with central stimulation have been given earlier.[@i2164-2591-8-1-24-b11] Each half of the checkerboard pattern in an array was formed by a set of 50 LEDs with a common power supply that was adjusted to equal luminance of the LEDs using a digital photometer (Tektronix J16/J6503; Tektronix Inc., Beaverton, OR). A single electrical pulse at the trigger input of each array caused a counterphase switch between the first and second sets of the LEDs.

A matrix of light-tight material (thickness: 0.5 mm) was mounted between the LEDs to block light from neighboring LEDs and to achieve a contrast of nearly 100%. This spatial arrangement ensured that each LED provided the luminance in a 4 × 4-mm rectangular field. One LED array stimulated a retinal area of 8.5°. The spatial frequency was 0.58 cyc/deg at the viewing distance of 30 cm. Each array was covered by thin rice paper that acted as diffusor of the light from each LED. Four LED arrays were mounted on a plate for quadrant stimulation. The margin between two neighboring LED fields was 3.8° (see [Fig. 1](#i2164-2591-8-1-24-f01){ref-type="fig"} for a sketch of the stimulus arrangement). A fixation LED was positioned centrally between the arrays so that each array stimulated a distinct quadrant. The measurements were made with natural pupils and appropriate correction for distance and presbyopia. The LEDs in each array were either switched on or off, resulting in a reversing checkerboard pattern. The mean luminance of the checkerboard field was 170 cd/m^2^ (and thus modulated between 0 and 340 cd/m^2^). The recordings were performed in a darkened room. The checkerboard pattern-reversal frequencies varied between 5 and 30 Hz (equivalent to base frequencies between 2.5 and 15 Hz). Here, only pattern-reversal frequencies are used.

![Stimulus arrangement of four LED arrays.](i2164-2591-8-1-24-f01){#i2164-2591-8-1-24-f01}

The responses to 11 different nominal temporal frequencies (5, 6, 8, 10, 12, 14, 16, 18, 20, 25, 30 Hz) of the LED stimuli were measured. To achieve multifrequency stimulation, the pattern-reversal frequency in the four LED arrays differed slightly. For example, at the nominal frequency of 12 Hz, the exact temporal frequencies in the four arrays were 11.727 Hz (upper-left LED array), 12.000 Hz (upper right), 12.109 Hz (lower left), and 12.273 Hz (lower right). The total measuring time at each frequency was chosen to contain integer numbers of periods for all four stimuli. Thus, the total measuring time varied between 38.93 seconds (at 30 Hz nominal frequency) and 213.8 seconds (at 5 Hz nominal frequency), and the frequency resolution was between 25.69 mHz (30 Hz) and 4.677 mHz (5 Hz). The number of reversals per measurement varied between 1044 (at 4.883 Hz) and 1193 (at 30.642 Hz).

The differences between stimulus frequencies were sufficiently small to ensure that identical physiological mechanisms were activated by the four LED arrays. Sampling frequency and sample time were sufficient to ensure a high temporal resolution of the FFT and to distinguish between the responses to the different stimulus frequencies. For example, the 12.000 Hz stimulation used 1098 reversals in 91.5 seconds and a sample frequency of 804 Hz, resulting in a frequency resolution of 10.9 mHz and 67 samples for one cycle. [Figure 2](#i2164-2591-8-1-24-f02){ref-type="fig"} displays the amplitudes of the frequency components of a VEP recording in one subject (four different channels were used, see below) to a 12-Hz stimulus. Only the frequency components close to the stimulus frequency are displayed. Clearly, the exact stimulus frequencies (11.727, 12.000 Hz, 12.109 and 12.273 Hz, see above) can be distinguished.

![Spectra of steady-state VEP obtained from the four recording channels for a nominal 12-Hz pattern-reversal frequency. The measurement time was 91.5 seconds. In this time span, the number of reversals at each LED array was 1073, 1098, 1108, and 1123, respectively. Thus, the exact frequency of each LED array was 11.727 (left upper), 12.000 (right upper), 12.109 (left lower), and 12.273 Hz (right lower). For the most part, the stimulus frequencies were detected in all recording channels. The spectra deliver nine or more nonstimulus frequencies between the stimulus frequencies, which can be used to calculate the SNR.](i2164-2591-8-1-24-f02){#i2164-2591-8-1-24-f02}

VEP Recordings {#s2b}
--------------

Pattern-reversal VEPs were recorded with four different electrodes placed on the subject\'s skull using an electrode fixation cap (Easycap GmbH, Herrsching am Ammersee, Germany) with positions of the electrodes as suggested by Klistorner and Graham[@i2164-2591-8-1-24-b12] for the multifocal VEP (A: 2.5 cm above; B: 4 cm left; C: 4 cm right; and D: 4.5 cm below the inion). Due to the flexible characteristic of the fixation cap, the distances between the electrodes were adjusted to differences in the subjects\' head sizes. In the past, several electrode configurations have been studied for peripheral VEP recordings, and it has been shown that multichannel VEP recordings outmatch recording systems using only one channel.[@i2164-2591-8-1-24-b12],[@i2164-2591-8-1-24-b13]

Recordings from four different channels (i.e., electrode pairs) were evaluated (channel 1: A--D; channel 2: B--C; channel 3: B--D; channel 4: C--D). An additional ground electrode was placed on the forehead. The electrodes were filled with electrode paste (GE Medical Systems Information Technologies, Freiburg, Germany). The skin was prepared with skin preparation gel (Nuprep; Weaver and Company, Aurora, CO). The impedances between the electrodes were less than 5 kOhm. Biosignals were band-passed filtered with 1- and 100-Hz cut off frequencies and digitized with the appropriate sampling frequency (see above). All measurements were repeated in a separate session, and the results were subsequently averaged in the frequency domain.

Analysis {#s2c}
--------

The signals were analyzed off-line with self-written signal-processing software. The amplitudes at the pattern-reversal frequencies were extracted using FFT. [Figure 3](#i2164-2591-8-1-24-f03){ref-type="fig"} shows spectra of recordings at channel 1 for all stimulus frequencies (5--30 Hz). At reversal frequencies of 8 Hz and lower, higher harmonics were observed. In the present study, only the fundamental components were considered. From the four channels (electrode configurations), the recording with maximal SNR at the stimulus frequency was chosen for further analysis ("best of" analysis for the amplitudes). The SNR was defined as the amplitude of the signal at stimulus frequency divided by the amplitudes at both next but one neighboring frequencies (at which no response was elicited by the stimulus).[@i2164-2591-8-1-24-b14] To judge possible differences between measurements, mean values and 95% confidence intervals (CI) are shown for amplitudes and SNR.

![Spectra obtained from a recording at one channel (electrodes above and below inion) for all frequencies tested.](i2164-2591-8-1-24-f03){#i2164-2591-8-1-24-f03}

Phase data for each channel and LED array were plotted as a function of the stimulation frequency for all responses at the first and second test. Phase data of responses with SNR smaller than 2 dB were excluded from further phase analyses. This SNR criterion ensures that 75% of the data were included in the subsequent phase analyses. The phases depended in an approximately linear manner on temporal frequency (see Results). The slopes of the regression lines were used to calculate the algorithmic latencies using the formula *L* = − \[(Δphase/Δ*F*) × 1000 ms/360°\], where *L* is the algorithmic latency and *F* is temporal frequency.

Subjects {#s2d}
--------

The study included 10 randomly selected eyes of 10 normal subjects (seven females and three males, mean age 45.3 ± 19 years) without miotic or mydriatic eye drops and with their normal corrections. Informed consent, including agreement for data collection, was obtained from each participant. The registered study (available in the public domain at [www.clinicaltrials.gov](www.clinicaltrials.gov), NCT00494923) followed the tenets of the Declaration of Helsinki for research involving human subjects and was approved by the local ethics committee.

Results {#s3}
=======

Comparison of First and Second VEP Recordings {#s3a}
---------------------------------------------

The reliability of the VEP recordings was studied for all 11 stimulus frequencies (5--30 Hz) with a retest of the measurements in a different session. [Figure 4a](#i2164-2591-8-1-24-f04){ref-type="fig"} displays a Bland-Altman plot of the data in which the amplitude difference between the first and second measurement is given as a function of their average. At very small amplitudes, the differences between the first and second measurements were also small. The maximal amplitude differences were about 1 μV, and there was no systematic dependency (Spearman rank test) of the difference on the mean amplitude. The reliability analysis ([Fig. 4b](#i2164-2591-8-1-24-f04){ref-type="fig"}.) reveals significant correlation between the first and second measurement at all LED arrays for frequencies between 10 and 14 Hz.

![Reliability of multifocal VEPs: (a) Bland-Altman analyses of all first and second VEP amplitudes reveal the variation between measurements in four quadrants. There was no significant relationship between difference and mean of the amplitudes. (b) Correlation coefficients of the reliability analysis for first and second measurement at four LED arrays. The dotted line indicates the significance level (with consideration of Bonferroni correction).](i2164-2591-8-1-24-f04){#i2164-2591-8-1-24-f04}

Frequency Transfer of the VEP Responses {#s3b}
---------------------------------------

### Amplitudes {#s3b1}

[Figures 5a](#i2164-2591-8-1-24-f05){ref-type="fig"} and [5b](#i2164-2591-8-1-24-f05){ref-type="fig"} show the maximal SNRs and the corresponding response amplitudes (means ± 95% CI) as a function of the stimulus frequency plotted separately for the four LED arrays in 10 normal subjects. Logarithmic transformation was performed to achieve a normal distribution of the data. The response amplitudes were maximal at a frequency between 10 and 12 Hz, although the SNR can be maximal at other frequencies. The multifocal VEP amplitudes of the right upper quadrant were slightly larger than the amplitudes of the other three quadrants for all frequencies. This difference was significant (Wilcoxon test with consideration of the Bonferroni correction), with exception of 8-Hz stimulation. At 10 Hz, nominal frequency the mean amplitudes were 0.41 μV (upper left), 0.48 μV (lower left), 0.82 μV (upper right), and 0.75 μV (lower right). Reliable responses at high stimulus frequencies above 20 Hz could be measured only at the upper-right LED array. The amplitudes at were not at stimulus frequencies (mean noise level: 0.11± 0.06 μV) showed highest values at frequencies where alpha components can be expected (around 10 Hz). A statistical comparison of the noise at all frequencies reveals no significant difference between the four quadrants (Friedman test).

![(a) SNR (±95 CI) from 10 healthy subjects plotted as a function of temporal frequency (Hertz) for all four LED arrays. (b) Filled symbols: mean amplitudes (microvolts) (±95 CI) from all subjects as a function of stimulus frequency plotted for different positions of the stimulation field. Maximal signals were recorded in the upper-right LED array. For all stimulus postions, a maximal amplitude was observed at 10 or 12 Hz. Open symbols: amplitudes calculated at two nonstimulus frequencies (noise level).](i2164-2591-8-1-24-f05){#i2164-2591-8-1-24-f05}

### Phases {#s3b2}

[Figure 6a](#i2164-2591-8-1-24-f06){ref-type="fig"} displays the phases from three subjects for the first and second measurements as a function of stimulus frequency separately for the four electrode positions. As the FFT gives phases in modulo of 360° between −180 and +180, integer multiples of 360° were added or subtracted to obtain the estimated phases. We assumed that the phase decreases monotonously with increasing frequencies. For these plots, we assumed that the phases at low frequencies were less than 360° apart for the different subject and different LED arrays. Although the phase range was relatively large, the data indicate that the phases depend linearly on frequencies, indicating that they are mainly caused by the latency between stimulus and response. The algorithmic latency is proportional to the slope of the phase versus frequency plot. For the measurements at the right upper quadrant, whose data are shown in [Figure 6a](#i2164-2591-8-1-24-f06){ref-type="fig"} for all channels, the individual algorithmic latencies varied between 95.7 and 129.5 ms. [Figure 6b](#i2164-2591-8-1-24-f06){ref-type="fig"} displays the phases and algorithmic latencies at channel 1 for four quadrants from all subjects. The mean of the slope (±SD) was upper left: −45.5 ± 6.2 deg/Hz; upper right: −41.0 ± 3.2 deg/Hz; lower left: −40.2 ± 3.6 deg/Hz; and lower right: −41.4 ± 6.8 deg/Hz. Thus, the mean algorithmic latency for the subjects was between 111.8 ± 10.0 and 126.4 ± 17.3 ms. The response phases elicited by the left upper quadrant had a slightly steeper slope compared to those evoked by the right upper and lower left quadrants (Wilcoxon test: *P* = 0.05). The intercept of the linear regression for the lower-right quadrant differed by approximately 180° in comparison to the others, indicating an inverted signal at this location.

![(a) Phase values from three subjects for different channels at one stimulus location (upper right). The figures show individual linear regression lines and indicate good reproducibility of the phase values from first and second measurement by equal symbols. Eleven percent (23/216) of the phase values were excluded because corresponding amplitudes were low at this stimulus position. An algorithmic latency value for each subject has been calculated by the slope of the regression line using the formula (in milliseconds): latency = − \[(Δphase/ΔF) × 1000 ms/360°\]. (b) Phase values for all quadrants at channel 1 (i.e., electrodes above and below from inion). At this electrode position, the SNR values were larger than 2 dB in 75% (538/720) of the cases. The figures also show regression lines and indicate algorithmic latencies for the total cohort.](i2164-2591-8-1-24-f06){#i2164-2591-8-1-24-f06}

Discussion {#s4}
==========

The aim of this study was to investigate the feasibility of obtaining reliable and well-separated VEPs from spatially separated stimuli in normal subjects using a four-channel recording system and simultaneous pattern-reversal stimulation using LED arrays. The stimulus frequency in the LED arrays differed slightly. This difference could be resolved in the analysis of the signals so that the responses elicited by the four LED arrays could be identified. The differences were, however, small enough to ensure that identical physiological mechanisms can be expected to mediate the responses. Earlier studies showed a potential usefulness of the multifrequency LED stimulation technique in the ERG.[@i2164-2591-8-1-24-b08],[@i2164-2591-8-1-24-b15][@i2164-2591-8-1-24-b16]--[@i2164-2591-8-1-24-b17] We show here that the responses from LED arrays, located at different positions in the visual field, can be reliably measured in the VEP. The use of LEDs has several advantages: they have excellent temporal properties and can be used to deliver temporal frequencies with high precision. In addition, LED fields can reach high luminances and contrasts and can be spatially homogeneous. Frequency differences, used in the present study, are difficult to achieve with monitors that have refresh rates of maximally 200 Hz.[@i2164-2591-8-1-24-b18] Furthermore, the pixels of monitors are generally refreshed sequentially, thereby introducing stimulus delays that depend on the spatial position. Recently, a method to increase the frequency resolution on a conventional monitor was introduced by Nakanishi et al.[@i2164-2591-8-1-24-b19] using a variable number of frames in a period. However, in contrast to the present study they did not present several pattern-reversal targets simultaneously. So far, quadrant recordings with pattern-reversal stimulation were made with separate stimulation of each field quadrant.[@i2164-2591-8-1-24-b20][@i2164-2591-8-1-24-b21]--[@i2164-2591-8-1-24-b22] More recently, Maddess and colleagues[@i2164-2591-8-1-24-b23] demonstrated the value of the incommensurate frequency technique for grating stimulation on a monitor with several discrete reversal frequencies. In the present study, we show that LEDs can be used in arrays that can deliver pattern-reversal stimuli with very small temporal frequency differences. Other studies used LED as well,[@i2164-2591-8-1-24-b08],[@i2164-2591-8-1-24-b24][@i2164-2591-8-1-24-b25][@i2164-2591-8-1-24-b26][@i2164-2591-8-1-24-b27]--[@i2164-2591-8-1-24-b28] although they were not yet implemented in clinical routine despite their advantages over monitors. Currently, LEDs are increasingly used in brain computer interface techniques for steady-state stimulus presentations.[@i2164-2591-8-1-24-b29] The disadvantage of LED arrangements compared to monitor systems, where pattern with complex structure and distortion can be easily generated, is the lack of geometric flexibility. In our LED arrays, the spatial frequency can only be altered by changing the viewing distance. Here, we used a distance of 30 cm, resulting in a total stimulus field size of 20.8° × 20.8° and a constant spatial frequency of 0.58 cyc/deg. Due to the relative large rim at the edge of each LED array, we were not able to measure the central quadrant VEP. On the other hand, larger LED arrays would be needed for more peripheral stimulation. Thus, development of LED arrays that consider the scaling of the VEP amplitudes to eccentricity could possibly improve the SNR values.

Recordings of signals derived from several focal stimuli can be performed sequentially,[@i2164-2591-8-1-24-b20],[@i2164-2591-8-1-24-b30] by a multifrequency method,[@i2164-2591-8-1-24-b08] or by the m-sequence technique as introduced by Sutter and Tran.[@i2164-2591-8-1-24-b09] Sutter showed that the responses to multiple simultaneously presented stimuli can be reconstructed by cross-correlation, resulting in a topographical VEP recording system. It has been shown that the m-sequence technique can be used for transient stimulation as well as for steady-state measurements[@i2164-2591-8-1-24-b04] using a conventional monitor. In measurements by Horn et al.,[@i2164-2591-8-1-24-b04] only half of the stimulation fields was flickering at the same time, while the other half was not activated. In the present LED-array arrangement, all stimuli were presented simultaneously, consequently requiring less examination time as the m-sequence technique. The data were continuously acquired at a sufficiently high rate without averaging and subsequently spectrally analyzed to resolve the frequency differences between the outputs of the different LED arrays (see, e.g., [Fig. 2](#i2164-2591-8-1-24-f02){ref-type="fig"}). Please note that the present FFT technique used relative long registration periods for one single measurement that cannot be interrupted. This was done to demonstrate the high-frequency resolution of the visual system. However, in the midfrequency range, the recordings were sufficiently short for clinical application (e.g., 91.5 seconds at 12 Hz). This is close to the resolution presented earlier.[@i2164-2591-8-1-24-b05],[@i2164-2591-8-1-24-b31]

Beyond showing the feasibility of simultaneously stimulated quadrant VEP our aim was to study the influence of the stimulus frequency on the responses and to find the optimal stimulus frequency. For all four arrays, the stimulus frequency resulting in the maximal VEP response was between 10 and12 Hz. This is in agreement with previous studies.[@i2164-2591-8-1-24-b04],[@i2164-2591-8-1-24-b32],[@i2164-2591-8-1-24-b33] Furthermore, the amplitudes were similar to those found previously in experiments using conventional multifocal stimuli[@i2164-2591-8-1-24-b34] and with the steady-state multifocal VEP.[@i2164-2591-8-1-24-b04] However, in contrast to earlier studies where the amplitudes were largest in the lower stimulus fields,[@i2164-2591-8-1-24-b20],[@i2164-2591-8-1-24-b35],[@i2164-2591-8-1-24-b36] we found the largest amplitudes in the upper-right quadrant. Further studies are necessary to reveal whether this difference in results is a possible effect of differences in size and spatial arrangement of the stimuli. The SNR is a useful tool that can be helpful to judge the quality of the measurements and to determine which of the simultaneously derived VEP signals might be taken for further analyzes.[@i2164-2591-8-1-24-b04],[@i2164-2591-8-1-24-b37] In steady-state responses, the SNR can be calculated by dividing the amplitude at the stimulus frequency by the amplitudes at adjacent frequencies where no response to the stimulus is expected. The temporal resolution in the present study, results in at least nine nonstimulus frequencies between the stimulus frequencies (see [Fig. 2](#i2164-2591-8-1-24-f02){ref-type="fig"}). Here we always used the next but one adjacent reversal frequency for the SNR calculation because we sometimes observed some leakage of energy to directly neighboring frequencies. The shape of the tuning function was very similar for SNR and amplitudes. With this technique, the SNR values are larger than 2 dB for most tests between 6 and 20 Hz. The SNR might be different if other or more nonstimulus frequencies were included.[@i2164-2591-8-1-24-b38]

Response phases were analyzed in the present study. Most previous multifocal VEP studies are restricted to amplitudes as cortical signals derived from the stimulation of different segments can show opposite polarities.[@i2164-2591-8-1-24-b39] In addition, it is often not easy to allocate an absolute phase from a steady-state derivation because the FFT returns phases only in a range of 360°. In the present study (see example in [Fig. 6a](#i2164-2591-8-1-24-f06){ref-type="fig"}), an absolute phase is not measured either. Instead, a frequency-dependent phase change was obtained. The phase dependency on stimulus frequency was approximately linear for all LED arrays, with similar slopes indicating similar apparent latencies for all subjects and LED arrays of 111.8 to 126.4 ms. This is close to the peak latencies measured in conventional transient VEPs. Furthermore, our data are comparable to the latency values as found by Di Russo and Spinelli[@i2164-2591-8-1-24-b40] in a steady-state study (122 ms). The algorithmic latency with localized stimulation may be different in patients with structural or functional damages (such as multiple sclerosis).[@i2164-2591-8-1-24-b41],[@i2164-2591-8-1-24-b42]

Conclusion {#s5}
==========

Multifrequency stimulation using quadrant LED arrays may be a promising and efficient method for recording of pattern-reversal VEPs. The optimal frequency was 12 Hz stimulus frequency, and apparent latencies varied between 112 and 126 ms.
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